Background/Aims: Transplantation of bone-marrow-derived mesenchymal stem cells (MSCs) has been used to treat spinal cord injury (SCI) to enhance tissue repair and neural cell regeneration. Glial cell line derived neurotrophic factor (GDNF) is an identified neural growth and survival factor. Here, we examined whether modification of GDNF levels in MSCs may further increase the potential of MSCs in promoting neural cell regeneration and subsequently the therapeutic outcome. Methods: We examined the mRNA and protein levels of GDNF in human MSCs by RT-qPCR and Western blot, respectively. Bioinformatics analyses were done to predict microRNAs (miRNAs) that target GDNF in MSCs. The functional binding of miRNAs to GDNF mRNA was examined by a dual luciferase reporter assay. MSCs were transduced with adeno-associated virus (AAV) carrying null or antisense for miR-383 (as-miR-383), which were transplanted into nude rats that underwent SCI. The intact tissue, cavity volume, and recovery of locomotor activity were assessed. Results: MSCs expressed very low GDNF protein, but surprisingly high levels of GDNF mRNA. Bioinformatics analyses showed that miR-383 inhibited protein translation of GDNF, through binding to the 3'-UTR of the GDNF mRNA. MSCs transduced with AAV-as-miR-383 further increased the intact tissue percentage, decreased cavity volume, and enhanced the recovery of locomotor activity in nude rats that underwent SCI, compared to MSCs. Conclusions: Suppression of miR-383 may increase the therapeutic potential of human bone-marrow-derived MSCs in treating SCI via augmentation of GDNF protein levels.
Suppression of MicroRNA-383 Enhances Therapeutic Potential of Human BoneMarrow-Derived Mesenchymal Stem Cells in Treating Spinal Cord Injury via GDNF

Introduction
Bone-marrow-derived mesenchymal stem cells (MSCs) have the potential of differentiating into different mesenchymal lineages [1] [2] [3] [4] [5] . Recently, MSCs have been shown to have significant therapeutic effects on a variety of diseases, since mesenchymal cells play a critical role in tissue repair and organ remodeling. For example, Li et al showed that transplantation of MSCs mitigates the severity of cirrhosis by secreting BMP7 to contradict the fibrogenic effects of transforming growth factor beta 1 (TGF-beta1) in the injured liver [5] . In another elegant study, transplantation of mesenchymal stem cells (MSCs) alleviated dextran sulfate sodium -induced colitis through their crosstalk with macrophages via TGFbeta receptor signaling [4] . Moreover, transplantation of MSCs has been shown to promote post-injury cardiac muscle repair through augmentation of neovascularization [3] .
Spinal cord injury (SCI) is a common disease in humans. Bone-marrow-derived MSCs have been used to transplant into spinal cord after injury to enhance tissue repair and neural cell regeneration [6] [7] [8] . Glial cell line derived neurotrophic factor (GDNF) was initially found to be a neural growth and survival factor [9] , but, subsequently, found to be a critical trophic factor for development of enteric, sympathetic and parasympathetic neurons. Hence, overexpression of GDNF in MSCs appears to be an attractive strategy to further increase the potential of MSCs in promoting neural cell regeneration and subsequently the therapeutic outcome.
MicroRNAs (miRNAs) are non-coding small RNAs that mediate post-transcriptional gene regression, mainly through Watson-Crick pairing to the 3′-untranslated region (3′-UTR) of the mRNA of a specific gene. During many physiological and pathological events, miRNAs appear to play a critical role [10] [11] [12] [13] . Among all miRNAs, the function of miR-383 has been found to have different functions in different conditions [14] [15] [16] [17] [18] [19] . However, a role of miR-383 in regulation of the therapeutic potential of MSCs in SCI has not reported. Here we addressed this question.
In the current study, we examined the mRNA and protein levels of GDNF in human MSCs by RT-qPCR and Western blot, respectively. Bioinformatics analyses were done to predict microRNAs (miRNAs) that target GDNF in MSCs. The functional binding of miRNAs to GDNF mRNA was examined by a dual luciferase reporter assay. MSCs were transduced with adenoassociated virus (AAV) carrying null or antisense for miR-383 (as-miR-383), which were transplanted into nude rats that underwent SCI. The intact tissue, cavity volume and recovery of locomotor activity were assessed. We found that MSCs expressed very low GDNF protein, but a surprisingly high level of GDNF mRNA. Bioinformatics analyses showed that miR-383 inhibited protein translation of GDNF, through binding to the 3'-UTR of the GDNF mRNA. MSCs transduced with AAV-as-miR-383 further increased the intact tissue percentage, decreased cavity volume, and enhanced the recovery of locomotor activity in nude rats that underwent SCI, compared to those receiving MSCs.
Materials and Methods
Protocol approval
All the experimental methods in the current study have been approved by the research committee at Harbin Medical University. All the experiments have been carried out in accordance with the guidelines from the research committee at Harbin Medical University. All animal experiments were approved by the Institutional Animal Care and Use Committee at Harbin Medical University (Animal Welfare Assurance). Surgeries were performed in accordance with the Principles of Laboratory Care, supervised by a qualified veterinarian.
(which is the best among all serotypes for transduction of the MSCs) and cap genes, and a helper plasmid carrying the adenovirus helper functions (Applied Viromics, LLC. Fremont, CA, USA) for generating AAVs in this study. The constructs with a 2A sequence were cloned into a pAAV-CMVp-GFP backbone at the site between CMVp and GFP. AAVs were produced by co-transfecting HEK293 cells with the prepared pAAVCMVp-miR-383/pAAV-CMVp-as-miR-383/pAAV-CMVp-Null plasmids, R2C8 (containing AAV2 Rep and AAV2 capsid genes) and plAd5 (containing adenovirus helper genes) by Lipofectamine 2000 (Invitrogen, St. Louis, MO, USA). The viruses were purified using CsCl density centrifugation and then titered by a quantitative densitometric dot-blot assay. These viruses were used to transduce MSCs using a MOI of 50. The transduced cells expressed GFP, which allowed them to be purified by flow cytometry.
Cell isolation and culture
Human bone-marrow derived MSCs were isolated from a 40-year-old male healthy donor, who had received proper informed consent form after IRB approval was obtained. MSCs were collected into DMEM culture medium (Dulbecco's Modified Eagle's Medium, Gibco, San Diego, CA, USA). The cells were centrifuged and re-suspended in DMEM containing inactivated 10% fetal bovine serum (FBS, Gibco), 3.7g/l HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-sulphonic acid, Sigma-Aldrich, St. Louis, MO, USA), 1% 200 mmol/l L-glutamine 100x (Gibco) and 1% PSA (Gibco). The cell number and viability were determined by trypan blue staining (Gibco). The cells were incubated in a humidified chamber with 5% CO 2 at 37°C for 72 h. The adherent cells were considered MSCs and were maintained in culture until reaching 80% confluence. The passage 6 was used for the current study. A human GDNF-expressing glial cell line, B49, was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). B49 cells were cultured in RPMI1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 15% FBS in a humidified chamber with 5% CO 2 at 37 °C.
Differentiation of MSCs
A MSC clone was selected and subjected to chondrogenetic, osteogenic, and adipogenic differentiation assays. For chondrogenetic induction, 2.5×10
5 MSCs were induced with 5ml chondrogenetic induction medium containing 10μg transforming growth factor β1 (TGFβ1, R&D System, Los Angeles, CA, USA), 50μg insulin growth factor 1 (IGF-1, R&D System). The cells were maintained in the chondrogenetic induction medium for 14 days and then subjected to Alcian blue staining. For osteogenic induction, cells were digested and seeded onto a 24-well plate at a density of 10 4 cells/well, and then maintained in osteogenic induction medium containing 10nmol/l Vitamin D3 (Sigma-Aldrich) and 10mmol/l β-phosphoglycerol and 0.1µmol/l DMSO for 14 days before subjected to Von kossa staining. For adipogenic induction, cells were digested and seeded onto a 24-well plate at a density of 10 4 cells/well, and then maintained in the adipogenic induction medium containing 0.5mmol/l 3-isobutyl-1-methylxanthine (IBMX), 200µmol/l indomethacin, 10µmol/l insulin and 1µmol/l DMSO for 14 days before subjected to Oil red O staining.
SCI model, GDNF injection and MSC transplantation
SCI was induced in male nude rats (SLAC Laboratory Animal, Shanghai, China) of 200g body weight. The nude rats are immune-deficient, and therefore have limited immune responses to the transplanted human cells. Rats were deeply anesthetized by intraperitoneal injection of chloral hydrate (70 mg/ml, 0.4 ml per 100 g, Sigma-Aldrich). After skin incision, laminectomy at the Th8 vertebral level was performed. The impact rod (diameter 2 mm, weight 10 g) of an impactor was centered above Th8 and dropped from a height of 25 mm to induce SCI. Immediately after laminectomy or SCI, MSCs were injected at 10 6 /5μl and/or GDNF was injected at 100µg/5μl in saline intraspinally into the rats, using a 25G needle. The local injection of MSCs reduced great scale of cell migration out of the injected area. After surgery, rats received daily doses of gentamicin (25 mg/kg, Sigma-Aldrich) intramuscularly for 7 consecutive days. Bladders of injured rats were manually emptied twice daily until spontaneous voiding occurred.
Quantitative real-time PCR (RT-qPCR)
Total RNA were extracted from cultured cells with miRNeasy mini kit (Qiagen, Hilden, Germany) for cDNA synthesis. Quantitative real-time PCR (RT-qPCR) was performed in duplicates with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Data were collected and analyzed using 2-△△Ct method. Values of genes were first normalized against α-tubulin, and then compared to experimental controls.
Luciferase-reporter activity assay
The target gene of miR-365 was predicted by TargetScan, using the context++ score system, as described [20] . The candidate miRNAs are shown in Table 1 . The dual-luciferase reporter plasmids, p3'-UTR-GDNF (containing the wild-type GDNF 3'-UTR binding site in luciferase reporter plasmid (RiboBio Co. Ltd., China)) and p3'-UTR-GDNF-mut (containing the mutant GDNF 3'-UTR; mut) were constructed. For the luciferase assay, the constructed plasmid (500ng) and miR-383 (mir-383) (100 nmol/l) were co-transfected into MSCs using Lipofectamine TM 3000 Reagent (Invitrogen, USA). Then the luciferase activity was detected with the dual-luciferase reporter assay system (Promega, USA) after co-transfection cells for 48 hours, following the manufacturer's protocol.
Histological assessment
For histological assessment, 28 days after transplantation rats were anesthetized with chloral hydrate, prior to intracardiac perfusion with 4% paraformaldehyde (PFA, Sigma-Aldrich). The tissue was resected and fixed in PFA for 6 hours. After overnight incubation in 30% sucrose, samples were frozen in liquid nitrogen and embedded in tissue freezing medium. Non-fixed tissue was used for RT-PCR and Western blot. Twenty micron longitudinal tissue sections were then stained with Azur-eosin for measurement of tissue and cavity volume. The combined area of any cysts was calculated and subtracted from the total tissue area of intact four section to estimate total tissue remaining as described previously [21] .
Behavioral assessment
Locomotor recovery was evaluated using the open-field BBB locomotor ratio scale, as described before [21] . Briefly, the motor functions of the lower limbs of the rats were evaluated in a blind way. There are 5 groups of rats of 10 each. Group 1, sham, no SCI and no MSCs; group 2, SCI, no MSCs; group 3, SCI, nulltransduced MSCs; group 4, SCI, null-transduced MSCs and single injection of GDNF; group 5, SCI, as-miR-383-transduced MSCs. For the scoring system, the motor functions of the lower limbs are divided into 22 grades. While 0 points indicate hind leg paralysis, 21 indicates completely normal function. The BBB score observation period lasted for 4 min.
Statistical analysis
All values represent the mean ± standard deviation (SD). Statistical analysis of group differences was carried out using a one-way analysis of variance (ANOVA) test (SPSS 12.0, Chicago, IL, USA) followed by the Fisher's Exact Test to compare two groups. Ten rats were used in each experimental group. A value of p<0.05 was considered statistically significant after Bonferroni correction. 
Results
Human MSCs express low GDNF protein but high GDNF mRNA
We isolated human MSCs, and examined the GDNF levels in MSCs, compared to a GDNFexpressing glial cell line, B49. To our surprise, MSCs expressed very low GDNF protein (Fig.  1A) , but comparable level of GDNF mRNA to B49 cells ( Figure 1B) . These data suggest a possibility of presence of post-transcriptional control of GDNF in MSCs.
MiR-383 targets 3'-UTR of GDNF mRNA to inhibit its translation in MSCs
Next, we tried to find out whether GDNF protein translation may be regulated by miRNAs. Thus, we performed bioinformatics analyses to identify the GDNF target sequence for miRNAs that binds to the 3'-UTR of GDNF mRNA. Based on a scoring system named "context++ score" [20] , we found 15 candidate miRNAs that effectively target GDNF (Table -miR-383) . The MSCs were also transfected with a null sequence as a control (null). Modulation of miR-383 levels in these cells was confirmed by RT-qPCR. (D) Then, the intact 3'-UTR of GDNF mRNA (GDNF 3'-UTR), together with a 3'-UTR with mutant at miR-383-binding site of GDNF mRNA (GDNF 3'-UTR mut), was then cloned into luciferase reporter plasmids. MSCs cells were co-transfected with 1μg asmiR-383/null plasmids and 1μg GDNF 3'-UTR or GDNF 3'-UTR mut plasmids or co-transfected with 1μg miR-383/null plasmids and 1μg GDNF 3'-UTR or GDNF 3'-UTR mut plasmids. The luciferase activity was determined. *p<0.05. N=5. 1). Then we measured the expression levels of these miRNAs in MSCs, and specifically found that miR-383 expression is extremely high in MSCs, compared to others (Fig. 2A) . Bioinformatics analyses showed that miR-383 bound to 3'-UTR of GDNF mRNA at 2866 th -2872 nd base site (Fig. 2B) . To determine whether the binding of miR-383 to GDNF mRNA may functionally inhibit protein translation of GDNF, we transfected MSCs cells with either miR-383 or antisense for miR-383 (as-miR-383). The MSCs were also transfected with a null sequence as a control (null). Modulation of miR-383 levels in these cells was confirmed by RT-qPCR (Fig. 2C) . Then, the intact 3'-UTR of GDNF mRNA (GDNF 3'-UTR), together with a 3'-UTR with mutant at miR-383-binding site of GDNF mRNA (GDNF 3'-UTR mut), was cloned into luciferase reporter plasmids. MSCs cells were co-transfected with 1μg as-miR-383/null plasmids and 1μg GDNF 3'-UTR or GDNF 3'-UTR mut plasmids or co-transfected with 1μg miR-383/null plasmids and 1μg GDNF 3'-UTR or GDNF 3'-UTR mut plasmids. The results suggest that miR-383 may specifically target 3'-UTR of GDNF mRNA to inhibit its translation in MSCs (Fig. 2D) .
Preparation of miR-383-depleted MSCs
Next, we knocked down miR-383 in MSCs to see whether it may increase the protein levels of GDNF. If true, we also aimed to test the therapeutic potential of using these miR-383-depleted MSCs in animal models for SCI. Hence, we used AAV carrying as-miR-383 or control null to transduce MSCs. The construct also contained a GFP reporter to allow visualization of the transduced cells in culture (Fig. 3A) , and to allow purification of transduced cells by flow cytometry (Fig. 3B) . We found that overexpression of as-miR-383 in MSCs increased GDNF levels by about 16 fold (Fig. 3C) .
MSC property of miR-383-depleted MSCs
Before we transplanted these miR-383-depleted MSCs into nude rats, we tried to confirm that alteration of miR-383 levels did not change the MSC property of MSCs. We selected an as-miR-383-transduced MSCs and analyzed for cell surface markers CD73, CD90, CD105, CD31, CD45 and HLA-DR, which confirmed the MSC phenotype of this clone (Fig.  4A-B) . Afterwards, we confirmed the MSC properties of this clone by 3 differentiation assay (Fig. 4C-E) . 
Depletion of miR-383 in MSCs increases their therapeutic potentials in treating SCI in rats
Finally, we examined the effects of miR-383 depletion in MSCs in vivo in rat model for SCI. SCI was induced in a nude rat. Immediately after laminectomy or SCI, MSCs of null transduced or as-miR-383 transduced were injected intraspinally. Another control was MSCs-null with single injection of GDNF. The rats were then followed up for 28 days (Fig. 5A) . We found that miR-383-depletion in MSCs further increased the intact tissue percentage (Fig. 5B) , decreased cavity volume (Fig. 5C) , and enhanced the recovery of locomotor activity in nude rats that underwent SCI (Fig. 5D ), compared to null-transduced MSCs. MiR-383-depletion in MSCs on SCI recovery was at least as effective as additional injection of GDNF (Fig. 5B-D) . Thus, depletion of miR-383 in MSCs increases their therapeutic potentials in treating SCI in rats.
Discussion
Bone-marrow-derived MSCs have been used to treat SCI. However, enhancement of tissue repair and neural cell regeneration are needed to improve therapeutic outcomes [6] [7] [8] . Thus, very recent approaches have been applied to modify gene expression of MSCs, using successful experiences from studies of other fields. For example, Liu et al. showed that during treating mouse model of Alzheimer's disease with MSCs, depletion of miR-937 in MSCs significantly reduced the deposition of Abeta, increased the levels of BDNF, and significantly improved the therapeutic outcome in mice [22] . In another study, Yan et al. reported that transplantation of AAV carrying as-miR-548e partially mimicked the effects of MSC transplantation on collagen-induced arthritis in mice, possibly through suppressing miR-548e-mediated IkappaB inhibition [23] . GDNF, neural growth and survival factor, was recently used to modify MSCs to improve their effects on SCI [24] . In this report, the authors overexpressed GDNF mRNA in MSCs by thousands of times to reach improvement of therapeutic effects comparable to our study. However, we think that since here we found that GDNF in MSCs is post-transcriptionally controlled, the most effective approach should be removal or dismissal of this control, rather than simply overwhelmingly expressing high mRNA for GDNF. First, extreme overexpression of one mRNA will occupy a lot of cellular machinery, which may affect other biological processes. Second, the extreme overexpression of one mRNA to contradict an antagonizing miRNA may induce upregulation of that miRNA and cause protein expression and function disorder, leading to occurrence of ER stress.
Here, we knocked down a highly expressed GDNF-antagonizing miRNA in MSCs, which effectively increased the protein levels of GDNF. To the best of our knowledge, this is the first study to show that the therapeutic effects of MSCs on SCI model are augmented through modification of a miRNA in MSCs. Further elucidation of the underlying mechanisms may involve determination of the miR-383 target genes other than GDNF, e.g. ZEB2, GATA6, VEGF-A, which are important regulators for neovascularization and extracellular matrix degradation. The miR-383 depletion may enhance the expression of these genes in MSCs, which also contribute to the tissue repair during SCI recovery.
Compared to trophic factor infusion (here, GDNF injection), a cell-based therapy has several advantages. First, the dose is regulated in a biological manner and thus results in less side effects. Second, the release of the factors is consistent rather the pulse release by trophic factor infusion, and thus may result in a better outcome. Here, we found that compared to MSCs plus GDNF injection, knock-down of as-miR-383 in MSCs has a comparable effect on the increases in the intact tissue percentage and the recovery of locomotor activity in nude rats that underwent SCI, but has an improved effects on the decreases in cavity volume. 
